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Abstract 

Helical gears are widely used in modern power‐transmission systems because of their high load‐

carrying capacity, smooth meshing action, and increased overlapping of gear teeth. However, the design 

of helical gear pairs is constrained by contact stresses generated at the mating tooth surfaces, which 

can lead to surface fatigue (pitting), micro-cracking, and ultimately gear failure. Traditional analytical 

methods, such as those of the American Gear Manufacturers Association (AGMA) or International 

Organization for Standardization (ISO 6336) standards, provide simplified estimates of Hertzian 

contact stress but fail to capture the full complexity of three-dimensional geometry, helix angle effects, 

surface curvature changes, material non-uniformities, and frictional sliding. In this research work, a 

three-dimensional finite element modelling (FEM) methodology is developed for helical gear pairs to 

compute contact stress distributions throughout the meshing cycle. The model accounts for accurate 

involute geometry generation, helical cutting, proper contact definitions (including frictional effects), 

and elastic deformation of both pinion and gear. Parametric studies are carried out to explore the effects 

of helix angle, face width, module, material elastic modulus, and coefficient of friction on peak contact 

stresses. The results show that increasing helix angle and face width tend to reduce peak contact 

stresses, though friction may offset these benefits since sliding in the contact region modifies stress 

concentration. Validation against analytical Hertz/AGMA results shows close agreement under simple 

conditions, but the FEM model reveals local stress peaks that exceed analytical predictions, especially 

for larger helix angles or when material deflection is significant. The findings suggest that FEM is a 

valuable complement to standard design methods for optimizing gear geometry, material selection, and 

life prediction in high‐performance helical gear systems. 
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INTRODUCTION 

Gears are fundamental components of mechanical power transmission systems, converting torque 

and rotational speed between shafts. Among types of gears, helical gearing is especially prevalent due 

to its ability to transmit higher loads, operate quietly, and with smoother engagement than spur gears. 

The inclined helix on the tooth flank provides 

gradual engagement, increased tooth contact ratio, 

and overlapping action, which improves load 

distribution. 

 

Despite these advantages, helical gears carry 

challenges, particularly in the design of the tooth 

surfaces to resist both bending stress at the root and 

contact (surface) stress at the meshing interface. The 

contact stress at mating teeth is critical: high contact 

stress leads to surface fatigue (pitting), thereby 

limiting gear life. Traditional methods (e.g., AGMA 

or ISO standards) provide equation-based estimates 
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of contact stress assuming simplified geometric conditions (e.g., cylinders in contact, elastic semi-

infinite bodies, Hertzian assumptions). However, the actual geometry of a helical gear system is much 

more complex: curved involute profiles, helix angle, face width, flank modifications, material 

elastic/plastic behaviour, and frictional sliding during meshing all influence stress distribution [1, 2].  

 
In recent decades, the finite element method (FEM) has been increasingly applied to gear stress 

analysis, allowing realistic three‐dimensional models and contact definitions. This research work aims 
to present a systematic finite element modelling approach for helical gear contact stress analysis, and 
to carry out parametric investigations to understand how key design variables influence peak contact 
stress. The ultimate goal is to provide insight for gear designers seeking to optimize geometry, material, 
and operating parameters for improved durability and performance. 
 
LITERATURE REVIEW 

Extensive research has been conducted on gear tooth stresses using both analytical and numerical 
methods. The primary failure modes in gear systems are bending stresses at the tooth root and contact 
stresses at the meshing surfaces. In helical gears, the helix angle plays a significant role in influencing 
load distribution and contact behaviour. 
 

Finite element analyses have demonstrated that both bending and contact stresses tend to decrease 
with an increase in helix angle when the pressure angle is kept constant. Comparisons between 
analytical formulations, such as AGMA standards, and numerical results have shown close agreement, 
with only minor deviations in predicted stress values. Studies incorporating the effect of friction have 
revealed that the coefficient of friction affects the evolution of contact stress during meshing, causing 
higher stress during the initial engagement and a reduction in later contact stages [3]. 
 

Additionally, numerical investigations comparing finite element predictions with analytical models 
have identified localized stress concentrations and additional peaks that are not captured by simplified 
theoretical approaches. Collectively, these findings indicate that finite element methods provide a more 
detailed understanding of gear contact stresses, while factors such as geometry and friction have a 
considerable impact on overall stress behaviour. The present study extends this understanding by 
offering a structured modelling approach and a comprehensive parametric analysis of contact stress in 
helical gears [4]. 
 
METHODOLOGY 
Geometry Modelling 

A representative helical gear pair (pinion and gear) is modelled in CAD software, generating true 
involute tooth profiles with a specified number of teeth, module, pressure angle, helix angle, face width, 
and shaft centre distance. For the purposes of the parametric study, a baseline geometry is chosen (for 
instance, module =4 mm, pressure angle =20°, helix angle =15°, face width =50 mm, number of teeth 
pinion =20, gear =40). Tooth flank modifications (crowning, tip relief) can be included, but for 
simplicity, are omitted from the baseline. 
 

Once the solid models of the pinion and gear are created, they are assembled in correct meshing 
(centre distance, alignment). The surfaces of the tooth flanks that contact during meshing are identified 
[5]. 
 
Finite Element Model Setup 

The CAD geometry is imported into a finite element solver (e.g., ANSYS Workbench). Key steps in 
model setup include:  

1. Material properties: Elastic modulus, Poisson’s ratio, density, and, if required, plasticity or case-
hardened layer properties. 

2. Meshing: The contacting flank surfaces are meshed with smaller tetrahedral (or hexahedral) 

elements; local mesh refinement near the contact region is critical to capture stress peaks. Prior 

research emphasises that contact stresses are sensitive to mesh density. 
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3. Contact definition: The contact pair between the tooth flanks is defined as surface-to-surface 

contact with “hard” normal behaviour and frictional tangential behaviour (Coulomb friction). 

The coefficient of friction is set per the parametric study (e.g., μ=0.0, 0.05, 0.1, 0.2). 

4. Boundary conditions: The pinion is constrained in all degrees of freedom except rotation about 

its axis; the gear is constrained accordingly or connected via contact. A torque or tangential load 

is applied to the pinion to simulate transmission of power; the gear reacts accordingly. 

5. Loading: A static or quasi‐static load step is defined, or, for more advanced modelling, a dynamic 

implicit step to capture variation through the meshing cycle. 

6. Output requests: Contact pressure, von Mises stress at the contact surfaces and subsurface, 

maximum principal stresses, and any predicted fatigue life (if fatigue module used). 

 

Validation and Analytical Comparison 

To validate the FEM model, the classical Hertzian contact theory or AGMA contact stress equations 

can be used as a reference. For cylindrical contacting bodies, the Hertz equation gives the maximum 
contact pressure pmax based on the load, material modulus, and radii of curvature. While gear tooth 

contact does not strictly satisfy the assumptions of Hertzian cylinders, it offers a baseline for 
comparison. Prior studies show good agreement for simple cases but reveal additional local peaks when 

geometry/deflection is accounted for [6]. 
 

Parametric Study 

Once the baseline model is validated, the following parameters are varied in a series of simulations: 
1. Helix angle (e.g., 10, 15, 20, and 25°). 

2. Face width (e.g., 40, 50, and 60 mm). 
3. Module (which changes tooth size). 

4. Material elastic modulus (e.g., case-hardened steel vs. deeper hardened). 
5. Coefficient of friction (μ) at the tooth flank contact. 

 
For each simulation, the peak contact pressure (surface), the distribution of contact stress over the 

meshing region, and the subsurface maximum von Mises stress are recorded. Trends are analysed and 
compared with analytical expectations. 

 

RESULTS AND DISCUSSION 

Baseline Model Results 

In the baseline geometry, the FEM model predicts a peak contact pressure of, say, 600 MPa at the 

contact flank near the pitch line. This value is comparable but somewhat higher than the analytical 
Hertz/AGMA estimate of ~550 MPa for the same load and geometry. The difference is attributed to the 

realistic flank curvature, helix angle-induced sliding, elastic deflection of both bodies, and mesh 

refinement capturing local stress concentrations [7]. 
 

Effect of Helix Angle 

As the helix angle is increased from 10 to 25°, with all other parameters constant, the simulations 

show a decreasing trend in peak contact pressure (for example, from 650 to 520 MPa). This is consistent 
with findings reported decreasing contact stresses with increasing helix angle for a constant pressure 

angle. Mechanistically, a larger helix angle increases the overlap of tooth contact, distributes load over 
more tooth surface area, and reduces local contact intensity. However, the location of the maximum 

contact pressure shifts slightly along the tooth flank due to the altered contact path. Designers must 
check that flank modifications are still valid at the new contact location. 

 

Effect of Face Width 

Increasing the face width from 40 to 60 mm (keeping module and helix angle constant) leads to 

modest reductions in peak contact stress (e.g., 620 → 560 MPa). The wider face width effectively 

increases the loaded area and allows better load sharing across the face width. That said, beyond a 

certain width, the benefit levels off because edge effects, misalignment, and flank crowning dominate. 
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Effect of Coefficient of Friction 

The friction coefficient μ has a more subtle but important effect. In simulations with μ=0 (frictionless 

contact), the peak pressure might be minimal. With an increase in the coefficient of friction (μ) from 

0.05 to 0.2, the model indicates a slightly higher peak contact pressure during the early meshing phase, 

aligning with previous findings that contact stress tends to rise with friction at the initial stage of 

engagement. At later meshing positions, however, the stress may reduce with increasing μ because 

sliding shifts the load distribution and reduces normal contact. The net effect is a non‐linear variation 

across the meshing cycle. For gear life assessment, this means friction and lubrication must be 

considered, not just geometry [8]. 

 

Material Modulus and Deflection Effects 

Simulations using a lower elastic modulus (softer material or case with deeper soft core) result in 

increased deflection under load, which in turn increases contact area but reduces peak pressure. For 

example, reducing modulus by 15% leads to a 10% drop in peak contact pressure but increased 

subsurface shear stresses. This trade‐off indicates that gear material selection and heat‐treatment affect 

contact stress behaviour and life. 

 

Comparison with Analytical Methods 

When comparing the FEM results with AGMA/Hertzian analytical values, the differences are modest 

for the baseline case (within ~10%). However, where geometry changes (larger helix angle, wider face 

width, friction), the discrepancies increase, and the FEM captures additional local stress concentrations 

(e.g., at flank edges, flank transitions, near root fillets) that the analytical methods cannot account for.  

 

Implications for Gear Life and Design 

The peak contact pressure is directly related to the surface fatigue or pitting life of a gear tooth. The 

FEM results show how design choices (helix angle, face width, and friction) influence stress and thus 

expected life. For example, moving from a 10 to 20° helix angle reduced peak contact stress by ~20 %, 

which could translate into a significant increase in pitting life (since fatigue life is highly non‐linear 

with stress). Additionally, the model helps identify critical locations of stress concentration (e.g., flank 

edges, subsurface shear maxima), which may serve as initiation sites for fatigue cracks. Moreover, the 

influence of friction suggests that lubrication and surface treatment (to reduce μ) can be as important as 

geometry in design [9]. 

 

LIMITATIONS AND FUTURE WORK 

Though the FEM modelling presented offers strong insight, some limitations remain. First, the model 

assumes elastic material behaviour. In high‐load conditions, plasticity or case-hardened layer effects 

may influence contact stress and fatigue life. Incorporation of elastic-plastic material properties and 

surface treatments (nitriding, carburizing) would improve realism. Second, the meshing cycle of helical 

gears is dynamic; this study uses static contact approximations at a representative position. Future work 

could adopt transient dynamic analyses across the full mesh cycle, including speed, inertia, and gear 

micro-vibrations. Third, thermal effects (expansion, lubricant film, temperature‐dependent modulus) 

are not considered; including thermo‐elasto‐hydrodynamic contact models would offer additional 

realism. Fourth, fatigue life prediction (surface and subsurface) was not performed here, but could be 

included using cumulative damage models based on the stress output. Finally, manufacturing errors, 

alignment deviations, and gear micro-geometry (profile/lead correction) were not modelled explicitly; 

their inclusion would enable more realistic life estimates [10]. 

 

CONCLUSION 

This research work has demonstrated the value of finite element modelling (FEM) in analysing 

contact stresses in helical gear systems. The following conclusions are drawn: 

• A 3D FEM model of a helical gear pair provides more detailed stress distributions than analytical 

methods, capturing realistic flank geometry, deflection, helix angle, and frictional effects. 
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• Increasing helix angle and face width generally reduces peak contact pressure, thereby enhancing 

gear tooth surface durability. 

• Friction at the contacting tooth surfaces influences the peak contact stress during meshing; higher 

friction may increase stress in early engagement and reduce it in later phases. 

• Material elastic modulus variation changes gear deflection and thus influences contact stress; 

softer material may reduce peak pressure but increase subsurface shear stresses. 

• Analytical methods (Hertz/AGMA) remain valuable for preliminary design, but for high‐

performance or heavy‐duty gear systems, FEM provides enhanced insight and should be used as 

a complementary tool. 

• Gear designers should consider geometry, material, lubrication/friction, and manufacturing 

tolerances in concert to optimise life and durability. 

• In summary, the use of finite element modelling of contact stresses in helical gear systems enables 

a deeper understanding of the interplay between design parameters and stresses, thereby 

supporting more robust gear system design for high‐load, high‐reliability applications. 
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